INTRODUCTION
This is an experimental study that examines the thermal de~omposition of reconstituted tobacco sheet as a function of the rate of temperature rise when heated. Reconstituted tobacco sheet is a blend of fine particles of tobacco mixed in a slurry and formed into a thin sheet. Physical and chemical changes that occur in a substance when heated, daanges that involve the loss or gain of thermal energy, can be detected by differential thermal analysis (DT A). This tedanique involves measuring the temperature differential between the material of interest and an inert reference, when both are subjected simultaneously to the same heating cycle. The curve obtained for a thermally active substance consists of one or more maxima or minima, representative of endothermic or exothermic processes. Thermal analysis techniques have been used by others (1-7) to investigate the decomposition of tobacco, when heated at relatively slow rates (0.08-2.5 °C/s). They have identified tobacco type, stalk leaf position, the effect of additives, and, recently, the kinetic parameters for the major steps in this complex decomposition. In these latter experiments Ryan (7) has applied the method of Kissinger (8) and determined the reaction order and kinetic parameters for some of these global processes over this limited heating rate range. However, when tobacco is thermally decomposed by smoking of a cigarette, it is estimated that the tobacco particles undergo rates of temperature rise of the order of 50 °C/s normally, and at times the rate may be as high as 300 °C/s. Lilly et al. (9) have assumed that the kinetic processes do not change at higher heating rates. They have employed a non-linear fitting routine to determine the kinetic parameters for the major events and the thermal shift of events with heating rate. However, theoretical extensions based on studies of slow reactions may not reflect the kinetics of normal decomposition, and it is the purpose of this study to obtain results under realistic conditions. In the research reported here, DT A curves are recorded for reconstituted tobacco sheet subjected to a wide range of heating rates (0.1-500 °C/s). Using first-order kinetic relationships, the kinetic parameters are found and compared with values for tobacco leaf and cellulose decomposition.
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EXPERIMENTAL
Samples of reconstituted tobacco sheet, 0.48 cm square and 0.015 cm thick, are heated in flowing He at a rate in the range 0.1 -500 °C/s in an adaption of the thinfoil calorimeter described by Hager (10) . In this calorimeter the thin-foil heater is folded in an accordion-like arrangement with the sample and its thermocouple, and the reference and its thermocouple, compressed in adjacent pleats near the center of the heater. The reference material is either mica or tobacco char. Tobacco char, in this instance, is the carbonaceous residue remaining after tobacco is heated slowly to 600 °C in a He atmosphere. The thermocouples are 3 mil diameter chromel-alumel, which are embedded in the reference material or compressed between two sheets of tobacco sample. Power for the heater is supplied by a. Hewlett-Packa.rd model 6269 B direct current power supply adjusted to operate in the constant current mode. The electromotive force generated by the reference thermocouple is amplified by a Keithley model 6108 electrometer, and applied through a voltage divider to one diannel of a Honeywell model 906A multidlannel visicorder. The differential electromotive force between the reference and sample thermocouples is amplified by a Princeton Applied Researda model 113 pre-amplifier and applied through another voltage divider to a separate dlannel of the recorder. After thermal equilibrium is established with the sample in position, the amplifier recorder system is zeroed. The current level, corresponding to the desired average heating rate, b, is then set on the meter of the power supply, which has its output short-circuited. The chartspeed is chosen and the recorder is started. Recording of the reference temperature, TR, and the differential temperature, !:J. T, versus time is commenced when the short circuit is removed, and is ended when TR has traversed the temperature range of interest. When the newly charred sample cools to room temperature, it is heated again at the same rate, and a second, background, recording obtained. After subtracting the background algebraically from the original recording to remove baseline drift and spurious results due to the apparatus (11) , the data is replotted as !:J. T versus T R for ease of analysis. Of the several characteristic temperatures that are identifiable from the DTA curves, the results of these experiments are a.nalyzed in most cases in terms of the reference temperature associated with a maximum or minimum in ~T, Tm, for an endothermic or exothermic reaction. With the experimental method employed the heating rate is not constant over the heating cycle, but decreases as the temperature is increased. Because of this variation the data has been analyzed using the instantaneous heating rate, bb at the reference temperature of interest.
The reliability of the temperature measurements obtained under operating conditions was verified using National Bureau of Standards DTA Temperature Standards No. 758.
RESULTS AND DISCUSSION

Differential Thermal Analysis (DT A) Curves
The DTA curves for reconstituted tobacco sheet ( Figure 1 ) are similar in appearance to those obtained for ground tobacco leaves (1, 3) and a ground tobacco blend (7) when heated in a nitrogen atmosphere. Generally, at all heating rates, there is a rather large endothermic envelope followed by a subdued exothermic region. The inflection, # 4, in the curve separating the endothermic from the exothermic region has been noted by others (3, 5, 7) and is associated with a sudden weight loss in thermogravimetric measurements (3, 7). Four or five major thermal events (dependent on the type of tobacco) have been recorded in the literature for low heating rates and the characteristic temperatures are compared at a heating rate of 0.167 cc;s with the present results in Table 1 . The present work agrees well with previous data except that Edmonds et al. (1) found the first endotherm at a much lower temperature than other workers and also identified the inflection as an endotherm. Endotherm # 2 is observed in the curve ( Figure 1 ) for a heating rate of 60 cc/s, but, if present for a heating rate of 1 cc/s, is hidden in the ba<kground of the large endothermic envelope. These thermal events may be associated with the process by which cellulosic materials degrade (12, 13) . Endotherm # 1 is attributed to the vaporization of highly volatile materials such as extra-cellulosic water and low- boiling compounds. Using thermogravimetric analysis Burton and Burdick (5) found that below 210 cc fluecured and Oriental tobaccos exhibited the greater weight losses, when compared with Burley and Maryland, and it is significant that these tobaccos are also higher in amount of reducing sugars (14) . By comparison it is assumed that endotherm # 2 is partially the result of degradation of these sugars. Endotherm # 3 is related to the evolution of bound water to form a "dehydrocellulose", pyrolytic decomposition of carbohydrates such as starch, and vaporization of less volatile compounds. The thermal decomposition of starch is reported to proceed rapidly at about 220-230 cc (15) . It is generally agreed that there are at least two basic and competitive modes of decomposition for cellulosic and cellulose-like materials above 250 cc. The first mode is a depolymerization of cellulose to 1,6-anhydro--D-glucopyranose (levoglucosan), which is the major fraction of the tar formed and, therefore, is called the tar forming mode. Madorsky et al. (16) suggest that this is the result of random scission of the 1,4-glycosidic linkages. As mentioned previously, by comparison with thermogravimetric results (3, 7) this first mode is identified by a sudden weight loss at ,.., 270 cc and this corresponds to the infleFtion in the DTA curve at 268 cc. The second mode of degradation is often called the char ~orming mode, and is the result of more drastic changes m the molecular structure. It is the result of ring scission or extensive elimination of the residual hydroxyl groups of the intact glucosan units of the cellulose molecule. This degradation is endothermic in an inert atmosphere and exothermic in an oxygen atmosphere as demonstrated by others (17) . In contrast, it is observed with the tobacco samples investigated here that this process is exothermic in a He atmosphere, even though it has been noted that cellulose extracted from tobacco degrades by an endothermic process. An explanation of this may be found in the many additional compounds available for thermal reaction in tobacco. These compounds may supply oxygen for combustion (18) or constituents which act as catalyst for the exothermic process. Mineral salts, such as KNOs, NaNOs, Ca(NOs)2, etc., are present in tobacco in sufficient quantities to fulfil these speculations, and alteration of the reactions by the addition or removal of these salts has been noted, as illustrated in Figure 2 . In this figure the addition of KNOs to a-cellulose converts the normal endothermic process to an exothermic one.
Effect of Heating Rate
As the heating rate is increased, the global processes (19) of decomposition shift to higher temperatures, and the various pyrolytic reactions tend to overlap, or coalesce, as discussed by Wendlandt (20) and Mackenzie and Mitchell (21) . Resolution of the different events becomes more difficult as the heating rate is increased, but, even so, it has been possible to follow this shift for the exotherm (# 5), the inflection point (# 4), and the average of the three endotherms (# 1, 2, and 3) as shown in Figure 3 . These curves are the results of averaging many experiments, and error ban are shown on some of the plotted points to indicate the range. Displacement of the envelope for the endothermic peaks is greater as a f~nc tion of rate than for the exothermic peak, and, as a consequence of superposition, the curve inflection, # 4, is lost for heating rates above "" 100 °C/s. Another result of superimposing the small exothermic and large endothermic peaks is that the characteristic temperature of the exotherm will be in error at the higher heating rates (> 100 °C/s), since it will appear to be displaced to a higher than normal temperature by this superposition.
Kinetic Parameters
Kinetic plots for heating rates up to 500 °C/s for the . average of the three endotherms and up to 100 °C/s for the curve inflection and exotherm are presented in Figure 4 as a semilog function of the characteristic temperature squared divided by the heating rate, T~/b, versus the inverse of the characteristic temperature, 1/Tm. Assuming a first-order kinetic relationship for these bulk processes, the kinetic parameters have been extracted from the slope and intercept of these plots (see Appendix), and are given in Table 2 . Since endotherms # 1, 2, and 3 rapidly coalesce as the heating rate is increased, the values shown in Table 2 for activation energy, E, and frequency factor, k 0 , are an average for the sum of 
CONCLUSIONS
Based on these results the following conclusions appear justified on the thermal degradation of reconstituted tobacco sheet.
1. The major thermal events occur at approximately the same characteristic temperatures as reported for ground tobacco leaf when pyrolyzed at the same heating rate.
2. When the heating rate is increased, the characteristic temperature for each thermal event is increased, at least over the range for whidt it is observable as a separate event.
3. lbe kinetics of decomposition are adequately described by a first-order relationship for a heating rate < 100 °C/s for all global processes and up to 500 °C/s for the average of the endothermic processes, Further, by using the instantaneous heating rate for eadt thermal event, reasonable values for the kinetic parameters are obtained.
APPENDIX lbe non-isothermal events that occur in the pyrolysis of tobacco are of the type solid -solid + gas, and can be described by the equation
where dx/dt is the reaction rate, x is the fraction reacted, n is the empirical order of the reaction, and k is the specific reaction rate constant. lbe rate constant is temperature dependent according to the Arrhenius equation
where ko is commonly called the frequency factor, E is the activation energy, R is the universal gas constant, and T is the absolute temperature. Assuming a first-order reaction and a heating rate (b = dT/dt) that is constant, the reaction rate can be shown to be
At a max1mum or minimum the derivative of this function is zero,
When this operation is performed, it can be shown that
•nd
Therefore, by experimentally determining the characteristic temperature Tm as a function of heating rate, the activation energy E and frequency factor ko may be found from the slope and intercept of a In (T!._/b) versus (1/Tm) plot.
SUMMARY
The differential thermal analysis of reconstituted tobacco sheet heated at rates of 0.1 °C/s to 500 °C/s in an inert atmosphere is reported. As the heating rate is increased, the characteristic temperature of each global process observed is increased. Using a non-isothermal first-order kinetic equation, the activation energies and frequency factors are obtained for these bulk decomposition processes. 
